Tempeh is a traditional Indonesian soybean-fermented food produced by filamentous fungi, Rhizopus sp. and Fusarium sp. We isolated and sequenced the genomic gene and a cDNA clone encoding a novel protease (FP) from Fusarium sp. BLB. The genomic gene was 856 bp in length and contained two introns. An isolated cDNA clone encoded a protein of 250 amino acids. The predicted amino acid sequence of FP showed highest homology, of 76%, with that of trypsin from Fusarium oxysporum. The hydrolysis activity of FP toward synthetic peptide was higher than that of any other protease tested, including Nattokinases. Furthermore, the thrombolytic activity of FP was about 2.1-fold higher than that of Nattokinase when the concentration of plasminogen was 24 units/ml. These results suggest that FP is superior to Nattokinases in dissolving fibrin when absorbed into the blood.
Many indigenous fermented foods exist all over the world. Recently, it was found that some proteases contained in these foods have the ability to prevent thromboses. Natto is soybean-fermented food eaten in Japan, fermentation of which is due to Bacillus Natto. Nattokinase is a protease contained in natto that has thrombolytic activity. It was discovered in 1987 by Sumi et al. and was named after urokinase, a pharmaceutical agent for thrombosis. 1) Tempeh is an Indonesian soybean-fermented food produced by filamentous fungi, such as Rhizopus sp. and Fusarium sp. [2] [3] [4] It has a history extending back more than 500 years, and has an attractive flavor and texture and high digestibility. Recently, it has attracted considerable attention due to its health benefits. For example, tempeh has a high content of some B-group vitamins. [5] [6] [7] Soybean isoflavones also have antioxidant and radicalscavenging activity. 8) Tempeh has been reported to play a role as a source of easily available nutrients for individuals suffering from malnutrition and acute diarrhea. 9) In addition, it has been found that tempeh lowers total cholesterol and lowdensity lipo-protein cholesterol, while high-density lipoprotein cholesterol is raised. 10) Sumi et al. also reported that an aqueous extraction of tempeh exhibited strong thrombolytic activity. 11) Blood clots (or fibrin) are formed from fibrinogen by the action of thrombin (EC 3.4.21.5). Fibrin is lysed by serine protease, a plasmin (EC 3.4.21.7) that is activated from plasminogen by tissue plasminogen activator (t-PA). In the heart, fibrin causes blockage of blood flow to muscle tissue, which can result in a heart attack, whereas in the brain fibrin blocks blood and oxygen from reaching limited areas, which can result in cerebral infarction and dementia. Although fibrin formation and thrombolysis are maintained in balance by homeostasis, thrombosis occurs, when clots are not lysed as a result of a disorder of the balance.
It is, therefore, important to prevent blood from clotting or to dissolve the clots in the bloodstream. Thrombosis therapy is done by intravenous administration of pharmaceutical agents such as urokinase and streptokinase. Urokinase is a serine protease (EC 3.4.21.73) originally isolated from human urine. It activates plasminogen into plasmin. Streptokinase is produced by beta-haemolytic Streptococcus and also activates plasminogen into plasmin. However, these enzymes have low specificity to fibrin and short half lives, and are expensive.
t-PA was developed for the treatment of thrombosis due to its efficacy and stronger affinity to fibrin.
12) The usage of proteases by oral administration has also been assessed [13] [14] [15] for the application of proteases to throm-bolytic therapy, since orally administrated protease is absorbed from the intestinal tract into the plasma. A novel protease (FP) with strong thrombolytic activity in the cultivation broth of tempeh-producing fungi, Fusarium sp. BLB, has been reported. In this paper, we report some characteristics of the protease, and the fact that FP showed higher thrombolytic activity than Nattokinase.
Materials and Methods
Fungal strain and growth conditions. Fusarium sp. BLB was kindly provided by Sodx Co., Osaka, Japan. 16) The strain was grown in the 100 ml of pre-culture medium (20 g/l delipidated soybean, 30 g/l glucose, 2 g/l yeast extract, 1 g/l K 2 HPO 4 , 1 g/l KH 2 PO 4 , and 0.5 g/l MgSO 4 . 7H 2 O, pH not adjusted) in a 500-ml flask at
28
C at 140 rpm for 1 d. Pre-culture broth (1.0 ml) was inoculated into 60 ml of main-culture medium (37 g/l delipidated soybean, 20 g/l glucose, 5 g/l bran, 1 g/l soluble starch, 5 g/l K 2 HPO 4 , pH not adjusted) in a 500-ml flask at 31 C at 140 rpm for 4 d.
Enzyme purification. FP was purified from Fusarium sp. BLB as described previously. 16) Sequence analysis. Purified FP was blotted on a polyvinylidene fluoride membrane using a ProsorbTM blotting kit (Applied Biosystems, Foster City, CA), and the N-terminal amino acid sequence was determined by the HP G1005A Protein Sequencing System (Agilent Technologies, Santa Clara, CA).
DNA manipulation. Chromosomal DNA from Fusarium sp. BLB was prepared using Isoplant (Nippon Gene, Tokyo). Plasmids from E. coli strains were prepared using a QIAprep Spin Miniprep Kit (Qiagen, Hilden, Germany). DNA ligation was performed using a Ligation Kit (Takara, Kyoto, Japan). All restriction enzymes were obtained from Takara. All amplifications by PCR were performed using KOD -Plus-(Toyobo, Osaka, Japan). Primers used in this study were synthesized by Sigma Genosys (Sapporo, Japan). DNA sequencing analysis was done using the BigDye Terminator v3.1 Cycle Sequencing Kit (Applied Biosystems).
Cloning of a genomic DNA region containing FP gene. In order to clone part of the gene encoding FP, primer 1 (5 0 -GGCGACTTTCCCTTCATCGTGAG-CAT-3 0 ) and primer 2 (5 0 -TCACCCTGGCAAGAGT-CCTTGCCACC-3 0 ) were designed. First PCR was performed for 30 cycles of denaturation (98 C, 20 s), annealing (58 C, 20 s), and extension (68 C, 40 s) with these primers and Fusarium sp. BLB chromosomal DNA. About 600 bp of PCR product was amplified, and this product was ligated into pT7 Blue T-vector (Novagen, Darmstadt, Germany) and sequenced.
In order to clone the 5 0 -and 3 0 -flanking regions of the sequenced PCR product, inverse-PCR was performed. 17) As a template, chromosomal DNA from Fusarium sp. BLB was completely digested with SacI and circularized. Amplifications by inverse PCR were performed for 25 cycles of denaturation (98 C, 20 s) and annealingextension (68 C, 4 min) with primer 3 (5 0 -ACCATTCC-CATTGTCTCTCGCGCCACTT-3 0 ) and primer 4 (5 0 -GGCGTTAAGAAGGGTACCACCGCACCAA-3 0 ). This inverse PCR product was ligated into pT7 Blue Tvector, and a DNA region of about 1.7-kbp was sequenced.
Isolation of a cDNA clone encoding FP. Fusarium sp. BLB was incubated in main-culture medium at 28
C for 48 h with shaking. Total RNAs were prepared from cultivated mycelia using a FastRNA Pro Kit (BIO 101, Solon, OH). Poly(A) þ RNAs were isolated from total RNAs by the SuperScript III First-Strand System (Invitrogen, Carlsbad, CA). A cDNA clone corresponding to FP was amplified by PCR with the above cDNA library as template and the designated primers by the revealed DNA sequences, primer 5 (5 0 -CCTTCGCCT-GTTCTTCATCAT-3 0 ) and primer 6 (5 0 -AGTACCTA-AGCCAAAATATGC-3 0 ). About 800-bp of PCR fragment was sequenced.
Enzymes. Proteases from Bacillus sp., Asprgillus oryzae, and Streptomyces griseus and trypsin from human pancreas were purchased from Sigma-Aldrich (St. Louis, MO), tissue plasminogen activator (t-PA), and plasmin from Wako Pure Chemical (Osaka, Japan), and urokinase from Mitsubishi Pharma (Osaka, Japan). Nattokinases were provided by Japan Bio Science Laboratory (Osaka, Japan), and protease derived from Fusarium sp. was purified from the culture broth, described above.
Reagents. Benzoyl-L-arginine-p-nitroanilide (Bz-LArg-pNA) was purchased from Peptide Institute (Osaka, Japan), and the other pNA-derivative peptides were purchased from Chromogenix (Milan, Italy).
SDS-Polyacrylamide gel electrophoresis (SDS-PAGE).
Purification was monitored by SDS-PAGE by the method of Laemmli. 18) In this case, 10-20% gradient polyacrylamide gels were used. The molecular mass of the denatured enzyme was estimated using a molecular weight protein standard (M.W. Marker Daiichi III; Daiichi Pure Chemicals, Tokyo). Proteins were stained with Coomassie Brilliant Blue R-250.
Determination of protein concentration and enzyme purity. Protein concentration was determined by the Coomassie Brilliant Blue G staining method using a Protein Quantification Kit-Rapid (Dojindo, Kumamoto, Japan). Purity of each enzyme was determined by analyzing images of the electrophoretic gel and by an analysis performed on a computer using the public domain NIH Image program (developed at the US National Institutes of Health and available on the Internet by anonymous FTP from zippy.nimh.nih. gov or on floppy disk from the National Technical Service, (Springfield, VA, part no. PB95-500195GEI).
Enzyme activity assay. The hydrolysis activity of FP and other proteases was compared using three synthetic peptide substrates. The three substrates were D-Valylleucyl-lysine-p-nitroaniline dihydrochloride (D-Val-LeuLys-pNA: S-2251) which can be used as a mimic of plasminogen, D-Ileucyl-prolyl-arginine-p-nitroaniline dihydrochloride (D-Ile-Pro-Arg-pNA: S-2288), and LPyroglutamyl-glycyl-L-arginine-p-nitroaniline hydrochloride (L-PyroGlu-Gly-L-Arg-pNA: S-2444), used as mimics of fibrin. These substrates were prepared as 2.5 mM solutions in distilled water. A reaction mixture consisting of 2,840 ml of 100 mM NaOH-Gly buffer, pH 9.5, and 150 ml of 2.5 mM of each substrate solution was preincubated at 37 C for 1-2 min for temperature equilibration. The reaction was initiated by addition of 10 ml of enzyme solution, and the increase in absorbance at 405 nm was recorded after every 1 s for 1 min using a spectrophotometer (V-550, Jasco, Tokyo). The hydrolysis activity (dA/min) was calculated by the leastsquares method using the values of 0-15 s. One unit of enzyme activity was defined as the amount of enzyme that released 1 mmol of pNA per min under the conditions imposed. The specific activity was defined as the enzyme activity in units. The value was recalculated, under the assumptions that the concentration of each protease was 1.0 mg/ml and that each protease was pure. The procedure for determining the purity of each enzyme is described above. The relative value of each activity was determined based on the activity of purified FP toward S-2251, which was set as 100%.
The thrombolytic activities of the FP and Nattokinases were determined by fibrin plate method, as described previously, 19) with a standard bovine fibrin plate in the presence of 0-24 units/ml of plasminogen. In other words, the length of clear zone of fibrin formed by each sample was measured and each area was calculated. The unit (FU) of thrombolytic activity was determined according to a standard curve of Nattokinase prepared by fibrin plate method without addition of plasminogen (Fig. 3A) .
Results
Isolation of an FP gene from Fusarium sp. BLB A PCR-based cloning strategy was adopted to obtain a gene encoding FP from the genomic DNA of Fusarium sp. BLB. The N-terminal 20 amino acid sequence of purified FP was identified as IVGGTAASAGDFPFIV-SISY, and homology analysis by the US National Center for Biotechnology Information (NCBI) protein database using a BLAST search revealed that this sequences showed high similarity to several trypsins. In particular, it showed the highest similarities to those from Fusarium oxysporum (Accession no. AAB27568) and Verticillium dahliae (Accession no. AAR06593) with 94% identity. The amino acid sequences of these two trypsins were aligned, and degenerated oligonucleotides were designed based on the conserved regions (from glycine 34 residue to isoleucine 42 residue and from glycine 197 residue to aspartic acid 205 residue). The single band obtained on PCR amplification contained a putative trypsin gene fragment. This fragment was used to isolate the full-length genes from the genomic gene and the cDNA library. The genomic gene was 856 bp in length and contained two introns (54 and 49 bp) with 5 0 -GT and 3 0 -AG ends. An isolated cDNA clone encoded a protein of 250 amino acids containing the N-terminal amino acid sequence of purified FP. The deduced amino acid sequence of the cloned FP exhibited 76%, 75%, and 61% identity with those of trypsins from Fusarium oxysporum, Gibberella zeae PH-1 (Accession no. XP 391340), and Verticillium dahliae respectively (Fig. 1) . FP possessed a putative signal sequence of 24 amino acids before N-terminal isoleucine residue of the purified protein. The full sequence data have been submitted to DDBJ/Genbank under accession no. AB294729.
The addition of a carbohydrate chain to these enzymes is of interest, but no such studies have been performed. To demonstrate the existence of carbohydrate chain on these proteases is a task that requires investigation.
Hydrolysis activity of FP toward synthetic peptide substrates
To determine the characteristics of purified FP, the hydrolysis activities of FP and other proteases were compared using three synthetic peptide substrates: S-2251, S-2288, and S-2444 (Table 1) . Proteases examined were purified FP, protease from Bacillus sp., Aspergillus oryzae, Streptomyces griseus, trypsin from human pancreas, plasmin, t-PA, urokinase, Nattokinase 1 (NSK-SD), and Nattokinase 2 (NSK-FD). Since the concentrations and purities of the enzymes tested were different (Fig. 2) , the relative activities were recalculated. The procedure of recalculation is described in ''Materials and Methods'' above. FP showed highest hydrolysis activity of the proteases. These results indicate that FP has stronger thrombolytic activity than any other protease tested, including Nattokinases.
Thrombolytic activities
To demonstrate that FP has strong thrombolytic activity, lysis of artificially prepared fibrin was done. Thrombolytic activities of FP and Nattokinases were determined by fibrin plate method with a standard bovine fibrin plate in the presence of 0-24 units/ml of plasminogen (Fig. 3B) . The thrombolytic activity of FP was slightly higher than that of Nattokinase without plasminogen, and was enhanced with increasing amounts of plasminogen. The activity of Nattokinase also increased, but the increase was less than that of FP. The thrombolytic activity of FP (60.8 FU/ml) was about 2.1-fold higher than that of Nattokinase (28.7 FU/ml) when the concentration of plasminogen was 24 units/ ml.
Discussion
Ueda et al. characterized FP in the cultivation broth of tempeh-producing fungi, Fusarium sp. BLB, and determined the N-terminal amino acid sequence of the enzyme to be IVVGTTAASGGDFPIIVSIYYQGRAR. 16 Based on this information, we tried to isolate an FP gene encoding this amino acid sequence from Fusarium sp. BLB. We were compelled to purify FP and analyze its N-terminal amino acid sequence again. Sequencing result revealed that the N-terminal amino acid sequence of re-purified FP was IVGGTAASAGDFPFIVSISY. Since the sequencing analysis data obtained by Ueda et al. was not clear (personal communication), we estimated that our data were more reliable. We succeeded in isolating an FP gene based on this amino acid sequence.
We found that this protease, FP, had higher hydrolysis activity toward synthetic peptide substrates than any other protease tested, including Nattokinases, suggesting that FP has higher thrombolytic activity than Nattokinases. Hydrolysis activity toward S-2251 in the cultivation broth of JCM 11502 Fusarium oxysporum, Mercian F-1484 Fusarium sp., JCM 9511 Verticillium dahliae, and JCM 9873 Gibberella zeae was also examined (data not shown). The activity was 4.7, 6.6, 3.4, and 5.4% respectively, as compared to that of Fusarium sp. BLB (100%), which suggests that Fusarium sp. BLB can produce large amounts of protease (FP) and that FP can degrade fibrin more strongly than other proteases.
We observed that FP lysed artificially prepared fibrin. The thrombolytic activity of FP was higher than that of Nattokinase without plasminogen and hence it can be assumed that the activity of FP degrading fibrin directly is stronger than that of Nattokinase. The thrombolytic activity of FP was enhanced with increasing amounts of plasminogen, and that of Nattokinase also increased, but the increment level was less than that for FP. Therefore, it can also be assumed that FP activated plasminogen more strongly than Nattokinase. The thrombolytic activity of FP was about 2.1-fold higher than that of Nattokinase when the concentration of plasminogen was 24 units/ml. Since the plasma plasminogen concentration of a healthy individual is about 24 units/ml, it can be inferred that the thrombolytic activity of FP is about 2 times higher than that of Nattokinase in vivo. This reports suggest that FP has high potency to degrade fibrin directly and to activate plasminogen in vivo.
Moreover, tempeh has been recognized as safe for humans, and our toxicity test indicates that FP is also safe for rats (data not shown). We are carrying out a safety evaluation of FP for humans, too.
Several reports have indicated that orally administrated enzymes such as Serratia protease, 20, 21) elastase, 22) lipase, 23) chymotrypsin, 24) and peroxidase 25) are absorbed from the intestinal tract into the blood or lymph in experimental animals. In view of this, it is suggested that FP is a useful thrombolytic agent. We hope to determine whether orally administrated FP is absorbed from the intestinal tract in humans and whether the FP which exists in the plasma is enzymatically active.
These good results for FP potency in prevention of thrombosis led us to establish a manufacturing process for FP at an industrial scale, by which we manufactured FP from 3,000-liter of cultivation broth of Fusarium sp. BLB. The process enabled us to supply abundant amounts of FP at low cost.
Natto and Nattokinase play a role in preventing thrombosis since they are foods and are taken easily. But, FP is cheaper than Nattokinase and the thrombolytic activity of FP may be higher than that of Nattokinase in vivo. In the near future, FP might well surpass the role of Nattokinase. A, A standard curve for Nattokinase was prepared by fibrin plate method without the addition of plasminogen. Relation between the logarithm of thrombolytic activity (FU/ml) of standard NK -y-and the logarithm of clear zone area (mm 2 ) -x-is shown. R 2 was correlation coefficient. B, The effects of the addition of plasminogen on the thrombolytic activity of Nattokinase and FP are shown. The protein concentration of the enzyme solution was 50.3 mg/ml for FP ( ) and 50.9 mg/ml for nattokinase ( ).
